Sucrose synthase (EC 2.4.1.1 3) from carrot (Daucus carota) is a tetramer with a molecular mass of 320 kD and subunits of 80 kD. The enzyme has a pH optimum of 7.0 (cleavage direction). Maximal activities were measured at 55°C. The K,,, for Suc was estimated as 87 mM and for UDP as 0.39 mM. Fructose acts as a noncompetitive inhibitor with an inhibition constant of 17.2 mM. In contrast, glucose inhibits carrot sucrose synthase uncompetitively with an inhibition constant of 4.3 mM. cDNA clones encoding a single class of sucrose synthase polypeptide were isolated and sequenced. DNA gel blot analysis also indicated the occurrence of only one to two genes. l h e deduced amino acid sequence of the carrot enzyme is highly homologous to the sucrose synthase sequences of tomato, potato, and bean. A comparison of the cDNA-derived amino acid sequence with the SS1-and SSZ-type sucrose synthase sequences of the monocot plants maize, rice, and barley showed that the carrot enzyme is neither of the SS1 nor of the SS2 type. High enzyme activity was found in roots and petioles of developing carrot plants, with maximal activity in roots at the transition of primary roots to tap roots. Enzyme activity was highly correlated with both polypeptide and transcript levels, indicating that gene expression is regulated mainly at the mRNA leve1 in the different tissues and organs of developing carrot plants.
SUC, the major form of translocated carbon in most plants, is a nonreducing disaccharide that consists of (Y-Dglucopyranose and p-D-fructofuranose joined by an a(l-+2)-P linkage. Its synthesis is catalyzed by SUC-P synthase and Suc phosphatase (Kruger, 1990) . The first step in the breakdown of SUC in plant tissues is the cleavage of the glycosidic bond by either P-fructofuranosidase (p-D-fructofuranoside fructohydrolase, also called invertase, EC 3.2.1.26) or SUC synthase (UDP-GkD-Fru 2-~y-~-glycosyl transferase, EC 2.4.1.13) (Kruger, 1990) . Cleavage by invertase is irreversible (free energy = -29.3 kJ mol-') and generates Glc and Fru (Copeland, 1990) . SUC synthase catalyzes the transfer of the Glc residue from Suc to UDP, yielding UDP-Glc and Fru (Copeland, 1990) . The free energy of the reaction is -3.99 kJ mol-', which is readily reversible (Geigenberger and Stitt, 1993) . Although the enzyme is able to synthesize Suc under appropriate test-tube conditions, there is good evidence that in vivo SUC synthase is involved primarily in its breakdown (Hawker, 1985; Kruger, 1990) . SUC synthase was first described by Cardini et al. (1955) . The enzyme is cytosolic (Keller et al., 1988) and has been characterized in various plant species and studied in numerous plant organs, such as roots (Hole and McKee, 1988; Koch et al., 1992) , tubers (Keller et al., 1988; Geigenberger and Stitt, 19931, cotyledons (Ross and Davies, 1992) , leaves (Nguyen-Quoc et al., 1990; Gupta et al., 19911 , fruits (Moriguchi and Yamaki, 1988; Wang et al., 1994b) , and seeds (Rowland and Chourey, 1990; Heim et al., 1993) .
SUC synthase is a tetramer with a native molecular mass in the range of 280 to 400 kD. It has optimal activity in the cleavage direction between pH 6.0 and 8.5 at 50 to 55°C. In the direction of SUC synthesis, pH 8.5 to 9.5 at 35°C was found to be optimal (Claussen, 1983) . The K , values of SUC synthase differ considerably from plant to plant. They are in the range of 10 to 290 mM for SUC and 0.05 to 6.6 mM for UDP.
Severa1 studies have demonstrated the existence of multiple forms of SUC synthase (Gross and Pharr, 1982; Echt and Chourey, 1985; Nguyen-Quoc et al., 1990; Buczynski et al., 1993) , e.g. two isozymes, SS1 and SS2, have been characterized from maize, cucumber, and sugarcane. The two SUC synthase isozymes in maize are encoded by two genes, Sh (Shrunken) and Sus (Chourey and Nelson, 1976; Chourey, 1981) . The genes encoding the two isozymes are differentially expressed. Whereas the gene for SS1 is expressed only in the endosperm, SS2 has been found in many tissues, including endosperm, embryo, roots, and shoots (Chourey et al., 1986) . SS1 and SS2 polypeptides have a high overall amino acid identity (Werr et al., 1985; Gupta et al., 1988; Huang et al., 1994) and very similar kinetics parameters. Homologous pairs of SUC synthase genes have also been characterized from the monocot plants barley (Sanchez de la Hoz et al., 1992; Martinez de Ilarduya et al., 1993) , wheat (Marana et al., 1988) , and rice Yu et al., 1992) . In contrast, in severa1 dicot plants, such as potato (Salanoubat and Belliard, 1987) , tomato (Wang et al., 1993) , and two different bean cultivars (Arai et al., 1992; Heim et al., 19931 , Suc synthase appears to be encoded by only one gene.
We would like to understand the role(s) of Suc-cleaving enzymes in Suc partitioning in carrot (Daucus carota). In general, this process largely determines the yield of crop plants (Gifford et al., 1984) and is, therefore, of great interest for agriculture. The driving force for Suc transport from leaves into sink organs seems to be a turgor pressure gradient caused by a SUC concentration gradient. The generation of such an assimilate concentration gradient is con- Sun et al., 1992) . This suggestion is strongly supported by the fact that the leve1 of Suc synthase activity is generally low in photosynthetic source tissues and high in actively growing sink organs (ap Rees, 1984; Sung et al., 1989) . Whether Suc synthase is involved in Suc partiticning in carrot is not known. To provide the tools necessary to investigate this question, we characterized the carrot enzyme at the biochemical, physiological, and moleiiular levels.
MATERIALS A N D M E T H O D S Plant Material and Tissue Culture
Carrot plants (Daucus carota cv Nantaise) were grown near Base1 either in a field or in a greenhouse in soil or vermiculite. Fresh plant material was used for the determination of enzyme activity. The isolation of periderm, phloem, cambium, and xylem tissue was performed as described by Sturm et al. (1995) .
Cells of D. carota cv Queen Anne's lace (wild carrot cell culture line WOOlC; Sung, 1976) were grown in MurashigeSkoog medium (Murashige and Skoog, 1962) , supplemented with 0.1 mg/L 2,4-D at 26°C in the dark. The cell-suspension cultures were transferred at 1-week intervals into fresh Murashige-Skoog medium.
Extraction of SUC Synthase and Enzyme Assay
Plant material (about 2 g) was homogenized four times for 15 s each with a Polytron homogenizer in 10 mL cif an ice-cold extraction buffer (20 mM Hepes-KOH, pH 7.5, containing 1 % p-mercaptoethanol). The homogenates were centrifuged for 30 min at 48,0009 at 4°C. The supernatants were desalted on Sephadex G-25 PD-10 columns (Phai-macia) to remove low mo1 wt compounds. Supernatant (2.5 mL) was applied to the column previously equilibrated with 20 mM Hepes-KOH buffer, pH 7.5, and eluted with 3.5 mL of the same buffer. The protein recovery was greater than 90%.
The cleavage of Suc by Suc synthase was determined by a combination of the methods described by Avigad (1964), More11 and Copeland (19851, and Witt (1989) . The assay buffer (20 mM Hepes-KOH, pH 7.5) contained 100 mM SUC and 2 mM UDP. The reaction was carried out at 30°C. After 30 min, the reaction was stopped by boiling the sample for 1 min. The UDP-Glc that was produced was determined by its reduction with 1.5 mM NAD in the presence of an excess of UDP-Glc dehydrogenase (type 111, Sigma), resulting in an increase in A,,,. The formation of 2 nmol of NADH corresponds to 1 nmol of UDP-Glc. Enzyme activity was expressed as the amount (nmol) of UDP-Glc formed in 1 min (units) or as activity per mg protein (units/mg protein).
For the determination of the K, , the concentration of Suc was varied between O and 400 mM and that of 1JDP was varied between O and 4 mM. For the inhibition of Suc synthase activity, O to 10 mM Fru, O to 10 mM Glc, O to 100 mM Tris-HCI, and O to 100 PM HgC1, were used. As possible stimulators of the enzyme activity, O to 10 mM MgCl,, MnCl,, and CaC1, were tested.
Determination of Native Molecular Mass
The molecular mass of carrot SUC synthase was estimated by gel filtration, using a Sephacryl S-300 column [Pharmacia) equilibrated with 100 mM Hepes-KOH, pH 7.5. The standard proteins alcohol dehydrogenase (150 kD), p-amylase (200 kD), apoferritin (443 kD), and thyroglotdin (669 kD) (Sigma) were applied individually, and their elution volumes were determined by absorption at 280 nnl. Elution of Suc synthase was followed by the standard a:;say. The molecular mass was estimated by interpolation.
Protein Assay
Plus Assay, according to the manufacturer's protocol.
Protein content was determined by the Pierce Protein

SDS-PAGE and Detection of Proteins on Nitrocelhlose
Membranes
Proteins were separated by SDS-PAGE as described by Laemmli (1970) using a Bio-Rad Mini Electrophoi~esis System. Proteins were either stained with Coomassi. blue or transferred onto a Transblot nitrocellulose membr ane (BioRad) with an Electro Transblot apparatus (Bio-Rad). For the determination of the relative molecular mass, p eestained molecular mass markers in the range of 14 to 200 kD (Gibco/BRL) were used. The free polypeptide-binding sites on the nitrocellulose membrane were blocked for 1 h in 5% nonfat milk powder in TBS (20 mM Tris-HC1, pH 7.5, containing 150 mM NaC1). Immunodetection of pr 3teins on nitrocellulose membranes (western blots) was donl: with an antibody against maize Suc synthase (Chourey et al., 1986) at a dilution of 1:lOOO. The blots were incubatetl for 1 h with primary antibody in TBS containing 5% noiifat milk powder and subsequently washed twice for 15 min in TBS containing 0.1% Tween 20 with 5% nonfat milk powder, followed by incubation with alkaline phosphata ;e-conjugated goat anti-rabbit IgG antibody (Bio-Rad) in TBS with 5% nonfat milk powder at a dilution of 1:lOOO for 1 h. After the blot was washed once for 15 min and twice for 5 min each in TBS containing 0.1% Tween 20 without milk powder, the color reaction was performed according to the manufacturer's protocol (Bio-Rad) using nitrobluc, tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate in the buffer containing 0.1 M NaHCO, and 1 mM MgCl,, pH 9.8.
c D N A Cloning
The total RNA was extracted from 4-week-old carrot roots, according to the method of Prescott ancl Martin (1987) . Poly(A)' RNA was isolated by oligo(dT)-cellulose chromatography (Maniatis et al., 1989 sized by using the cDNA Synthesis System Plus from Amersham, as described in the manufacturer's protocol. After EcoRI linkers were added, the cDNA was size fractionated on an agarose gel. cDNAs of 1500 to 5500 bp were ligated into the hgtll vector (Stratagene) and packaged into phages (Gigapack I1 Plus packaging extract, Stratagene), as described in the manufacturer's protocol.
The cDNA library was screened with a 1500-bp-long EcoRIIHindIII fragment of the cDNA for Suc synthase from potato (Salanoubat and Belliard, 1987) . After hybridization at 60°C (Maniatis et al., 1989) , the filters were washed at 60°C, twice for 30 min with 2X SSC (Maniatis et al., 1989) , and once for an additional30 min with 0.5% SDS and 0.1 X SSC. Ten positive clones were isolated and purified. The longest clone contained a 2.8-kb EcoRI fragment. Whereas this clone was completely sequenced in both directions by the dideoxy nucleotide chain-termination reaction (Messing, 1983) , the sequences of the other clones were only partially determined.
Analysis of D N A Sequences
Computer-assisted analysis of DNA was performed with the Beta version of the Genetics Computer Group Sequence Analysis software package (version 7.3, June 1993, University of Wisconsin, Madison, WI).
Analysis of D N A
For DNA gel blot analysis, carrot genomic DNA (10 pg/lane) digested with EcoRI, KpnI, and XbaI was separated on 0.7% agarose gels (Maniatis et al., 1989) . DNA blots were performed on nylon membranes (Hybond-N, Amersham) with probes that were labeled with 32P by random priming (Maniatis et al., 1989) . The central region of the cDNA clone for carrot SUC synthase (KpnI/SacI, 1150 bp) was used as a probe. Prehybridizations were done at 65°C in 6X SSC, 5X Denhardt's solution, 100 mg/mL denatured calf thymus DNA, and 0.5% SDS (Maniatis et al., 1989) . Hybridizations were carried out in the same buffer overnight at 65°C. The blots were washed with 0.1X SSC, 0.5% SDS at 65°C for 30 min. Temperature ( " c )
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RESULTS
Biochemical Characterization of Carrot SUC Synthase
The cleavage activity of Suc synthase was analyzed in protein extracts of carrot roots. An optimal pH region between 6.5 and 8.0 was found (Fig. 1, top) . The velocity of the reaction increased with increasing temperature and was optimal between 50 and 60°C. An equally high temperature optimum was reported for Suc synthase from tomato (Sun et al., 19921, potato, and bean (Xu et al., 1989) . Above 60°C the activity of the carrot enzyme rapidly decreased and was abolished above 70°C (Fig. 1, middle) . In protein extracts stored at 4"C, Suc synthase activity remained constant for severa1 days, whereas at temperatures above 20°C the activity was labile and slowly decreased (Fig. 1, bottom) . T i m e ( h ) Figure 1 . Characterization of carrot Suc synthase. The p H optimum for Suc cleavage (top) was determined to be between p H 5 and 9 (pH 5-7, 20 mM Mes-KOH; p H 7-9, 20 mM Hepes-KOH). The temperature optimum (middle) and temperature stability (bottom) were determined in 20 mM Hepes-KOH buffer at p H 7.5.
The Suc-cleavage activity was inhibited by low concentrations of heavy metal ions such as mercurate, indicating the involvement of sulfhydryl groups in the catalytic process. The Suc-cleavage activity was also inhibited by Tris-HC1 and millimolar concentrations of MgC1, and MnC1,. At low concentrations, the latter two salts as well as CaC1, had a slight stimulating activity (data not shown).
Among the nucleotide diphosphates tested, only UDP facilitated SUC cleavage; ADP was not significantly effective in replacing UDP under these conditions (data not shown).
The effect of substrate concentration on the rate of Suc synthase cleavage activity is presented in Figure 2 . The concentration required for half-maximal activity was 87 mM for Suc (Fig. 2, top) and 0.39 mM for UDP (Fig. 2,  bottom) . However, the K , for Suc could not be determined accurately because saturation did not occur, even w ith 400 mM SUC (Fig. 2, top) . Similar kinetics properties for Suc saturation have been reported for Suc synthase from maize (Su and Preiss, 1978) and bean (Ross and Davies, 1992) .
Glc and Fru are both inhibitors of the cleavage of Suc by Suc synthase. Dixon plots gave estimated Ki values of 4.3 mM for Glc and 17.2 mM for Fru at Suc concentrations of 25, 50, and 100 mM (Fig. 3) . Inhibition by Fru was nonccimpetitive (Fig. 3, bottom) , whereas inhibition by Glc was uncompetitive ( Fig. 3, top) ,
The molecular mass of Suc synthase obtained by gel filtration chromatography was approximately 320 kD. On SDS polyacrylamide gels, Suc synthase migrated as a polypeptide with an M , of 80,000 (data not shown). The protein, therefore, appears to be a tetramer, as are other plant Suc synthases. The deduced amino acid sequence of carrot SUC synthase was compared with known sequences of plant Suc synthases and a phylogenetic tree was generated (Fig. 4) . A striking similarity between the various sequences was observed. Carrot Suc synthase is closely related to Suc synthase from tomato (tom, Wang et al., 1994a) and potato (pot, Salanoubat and Belliard, 1987) , with 85.1 and 85.6% identity, respectively, and well related to monocot Suc synthases, such as SS1 (shl, Werr et al., 1985) and SS2 from maize (susl, Huang et al., 1994) (Heim et al., 1993) ; pot, potato (Salanoubat and Belliard, 1987) ; tom, tomato (Wang et al., 1994a) ; car, carrot (see this paper); ara2, Arabidopsis (Martin et al., 1993) ; shl, maize (Werr et al., 1985) ; ricl, rice (Wang et ai., 1992) (Yu et al., 1992) ; susl, maize (Huang et al., 1994) ; and aral, Arabidopsis (Chopra et al., 1992). was found between the carrot sequence and that of SUC synthase of Arabidopsis (aral, Chopra et al., 1992) , with 67.9% identity.
Monocot plants seem to have at least two genes for Suc synthase belonging either to the Sk type or the Sus type of maize (Gupta et al., 1988) . In the dicot plants, with the exception of Arabidopsis, only one gene has been detected. To understand whether the amino acid sequence of the carrot enzyme is related to the SS1-or the SS2-type sequence, SSI-or SS2-specific sequences first had to be identified. For this purpose, the SS1-type sequences of maize (shl, Werr et al., 1985) , rice (ricl, Wang et al., 1992) , and barley (barl, Sanchez de la Hoz et al., 1992) and their SS2 counterparts (ric2, Yu et al., 1992; bar2, Martinez de Ilarduya et al., 1993; susl, Huang et al., 1994) were compared (Fig. 5) . Sixty-four positions were identified at which the amino acids were identical in the SS1-type and in the SS2-type sequences, although the actual amino acid was specific for the type (indicated by asterisks below the six sequences). These 64 positions were compared with their respective positions in the carrot sequence. In 20 cases, the carrot amino acid was of the SSl type, in 25 cases it was of the 552 type, and in 19 cases it was unique to carrot. Taken together, these data indicate that carrot Suc synthase is neither of the SS1 nor of the SS2 type. This analysis was also applied to the other dicot enzymes, and the same results were obtained (data not shown). It is interesting that the two Arabidopsis sequences (Chopra et al., 1992; Martin et al., 1993 ) also could not be assigned to either of the monocot enzyme types.
To determine the copy number of the Suc synthase gene in cv Nantaise, DNA gel blot analyses (Southern, 1975) were performed (Fig. 6) . The labeled cDNA fragment hybridized to only a few restriction fragments, indicating the presence of only one or two copies of the gene.
Expression of SUC Synthase in Developing Plants
The steady-state levels of SUC synthase mRNA in different tissues and organs of developing carrot plants have already been determined (Sturm et al., 1995) . Elevated levels were found in the leaves of young plants and in roots at the transition of primary roots to developing tap roots. Low levels of transcripts were found in a11 other tissues analyzed. The analysis of young leaves revealed that high transcript levels were restricted to the petioles. Only low levels were detected in the leaf lamina. In developing tap roots, high levels of SUC synthase transcripts were found in a11 of the main root tissues (periderm, phloem, cambium, and xylem).
We now compared these steady-state transcript levels with SUC synthase polypeptide levels and enzyme activity (Fig. 7) . Our data showed a strong correlation of mRNA levels with polypeptide levels and enzyme activity, suggesting that transcription may be the key regulatory step in the developmental expression of carrot Suc synthase.
DISCUSSION
Carrot SUC synthase is a tetramer with a molecular mass of 320 kD and subunits of 80 kD. The enzyme has a high K , for SUC and a low K , for UDP. Optimal activity is at a neutra1 pH, which is in accordance with its location in the cytoplasm. The cleavage reaction of carrot SUC synthase appears to be specific for UDP, with no appreciable activity in the presence of ADP. A comparison of enzyme activities with polypeptide and transcript levels showed a strong correlation, indicating that the regulation of gene expression is mainly at the mRNA level. Because millimolar concentrations of Glc and Fru inhibit SUC synthase, the levels of these sugars may fine-tune enzyme activity in vivo.
Monocotyledonous plants contain at least two genes for SUC synthase (Sk and Sus), which are differentially regulated. The polypeptides encoded by these genes (SS1 and SS2) have highly homologous sequences, and their kinetics parameters are fairly similar. A comparison of the SS1-and SS2-type sequences of maize, rice, and barley revealed 64 Carrots store significant amounts of Sue and hexose in their tap roots in the parenchyma of an outer sheath of phloem and an inner core of xylem (Hole and Dearman, 1994) . The relative contribution of symplastic and apoplas- positions at which the amino acids appear to be specific for the two sequence types. In several dicotyledonous plants, only one gene for Sue synthase has been found. Ten different cDNA clones have been isolated with identical partial sequences, which also suggests the existence of only one gene. This finding is supported by the simple hybridization pattern on a DNA gel blot that is hybridized with a fragment of the cDNA, indicating the presence of only one to two genes. A comparison of the cDNA-derived amino acid sequence with the 64 type-specific positions revealed that the carrot enzyme cloned is of neither the SS1 nor the SS2 type. This finding is supported by the position of the carrot sequence in a phylogenetic tree, which suggests a separation of a dicot Sue synthase gene from a monocot ancestor gene before the evolution of the monocot SSl-type and SS2-type sequences. It has been suggested that Sue synthase plays a key role in Sue partitioning and, therefore, the activity of the enzyme can be directly used as a marker for sink strength Sowokinos and Yarns, 1992; Sun et al., 1992) . The activities of Sue synthase found in different organs and tissues of developing carrot plants support this view. High activity was found in petioles and roots, whereas only low activity was detected in the leaf lamina. Sue synthase activity was highest in roots at the transition from primary to secondary roots, corresponding there with a high requirement for carbon and energy for rapid cell growth.
The view that Sue synthase activity can be directly used as a marker for sink strength is in contrast to the findings of Geigenberger and Stitt (1993) . These authors provided evidence that Sue synthase catalyzes a near-equilibrium tic transport to movement of assimilate within the carrot storage root is not known. Our finding that SUC synthase activity is not restricted to the sites of phloem unlooiding but is evenly distributed throughout the storage rooi (Fig.  7) favors the view of apoplastic Suc transport and uptake by each individual storage cell.
